Introduction
============

Retinoblastoma (RB) is a severe ophthalmic disease. It is the most common type of intraocular malignant tumor among infants and damages eyesight, ophthalmic tissues and reduces quality of life. As an embryonic malignant tumor, RB originates from the primitive nuclear stem cells of the nuclear layer of the retina. It accounts for 4% of childhood malignant tumors ([@b1-or-40-02-0682]). This disease can lead to impaired vision and blindness ([@b2-or-40-02-0682]). At present, there are mainly three treatments for RB as follows: Topical, surgical and systemic. Topical treatment, including cryotherapy, laser photocoagulation, transpupillary thermotherapy, local radiotherapy, external radiation therapy may be applied to rescue the eyeball by direct destruction of the tumor. Systemic chemotherapy is widely applied in the systemic therapy of RB. Surgical treatment mainly refers to the enucleation of eyeballs and orbital exenteration surgery ([@b3-or-40-02-0682]--[@b8-or-40-02-0682]). These therapies have notable side effects and defects; however, there is still no effective method and medication to treat RB. Gene therapy is considered to be a potential cure of the disease ([@b9-or-40-02-0682]--[@b12-or-40-02-0682]). Suicide gene therapy against tumor cells results in the expression of a metabolic enzyme gene through transgenic manipulation; the expressed metabolic enzyme can convert non-toxic compounds (prodrug) into cytotoxic drugs that can kill cells, thereby tumor cells are eliminated selectively ([@b13-or-40-02-0682]--[@b15-or-40-02-0682]).

The Herpes simplex virus type 1 thymidine kinase (HSV-TK)/ganciclovir (GCV) system has been employed in extensive studies, and is also the most widely studied suicide gene. HSV-TK is a specific product of type 1 HSV ([@b16-or-40-02-0682],[@b17-or-40-02-0682]). HSV-TK can phosphorylate GCV to bisphosphonates-GCV (GCV-DP) and triphosphate-GCV (GCV-TP); GCV-TP is a competitive inhibitor of DNA polymerase that can terminate DNA chain elongation and eventually cause cell death, thereby inducing mammalian cell toxicity ([@b18-or-40-02-0682]). The HSV-TK/GCV system also leads to irreparable DNA breaks and inhibits the homologous repair of genes, greatly enhancing cytotoxicity ([@b18-or-40-02-0682],[@b19-or-40-02-0682]). When HSV-TK-transfected and HSV-TK-negative cells were co-cultured and treated with GCV, HSV-TK-positive cell apoptosis was detected; however, apoptosis may be induced in HSV-TK-negative cells. The bystander effect further suggests that the HSV-TK/GCV system may exhibit notable antitumor effects ([@b20-or-40-02-0682],[@b21-or-40-02-0682]). However, the exact molecular mechanisms underlying the antitumor effects of the HSV-TK/GCV system have not been elucidated; in particular, the antitumor mechanism of RB requires more detailed research and further investigation.

Autophagy is a specific cell response to a range of stressors, including nutritional deficiency, growth factor deprivation or other genetic mutations-induced stresses ([@b22-or-40-02-0682]--[@b24-or-40-02-0682]). This process constitutes the degradation of endogenous proteins within lysosomes to remove damaged old organelles, such as damaged mitochondria, and contributes to the maintenance of cell self-renewal and homeostasis ([@b22-or-40-02-0682],[@b25-or-40-02-0682]). The 2016 Nobel Prize in Physiology or Medicine was awarded to cell biologist Yoshinori Ohsumi, who identified and characterized the autophagy machinery in yeast in 1993 ([@b26-or-40-02-0682]). Numerous studies have shown that autophagy is associated with many diseases, including neurodegenerative diseases ([@b27-or-40-02-0682]), autoimmunity ([@b28-or-40-02-0682]), heart ([@b29-or-40-02-0682]) and metabolic diseases ([@b30-or-40-02-0682]) and cancer ([@b31-or-40-02-0682]). In recent years, autophagy has been reported to serve an important role in tumor formation, proliferation, and migration ([@b32-or-40-02-0682]--[@b36-or-40-02-0682]). Autophagy inhibitors, such as chloroquine, have demonstrated marked antitumor effects in breast, colon, and non-small cell lung cancers ([@b37-or-40-02-0682]--[@b40-or-40-02-0682]). Therefore, the present study aimed to investigate whether the HSV-TK/GCV system may serve an antitumor role in human retinal tumor cells and this role may be mediated by autophagy. In the present study, we transfected HSV-TK into two retinal tumor cell lines and then treated with GCV. The results revealed that HSV-TK/GCV may induce notable retinal tumor cell cytotoxicity. Additionally, our results also showed that HSV-TK/GCV did not inhibit autophagy by classic mTOR pathways. It was reported that the MAPK signaling pathway is closely associated with autophagy ([@b41-or-40-02-0682]). This indicated that HSV-TK/GCV may induce cell cytotoxicity by affecting autophagy through the MAPK/ERK signaling pathway. The findings of the present study also revealed that HSV-TK/GCV may significantly enhance the levels of phospho-ERK1/2, suggesting that cell cytotoxicity induced by HSV-TK/GCV may inhibit autophagy via the activation of MAPK/ERK.

In conclusion, our results indicated that HSV-TK/GCV could notably induce the cytotoxicity of RB cells, and its molecular mechanism may affect autophagy by activating MAPK/ERK. These results may provide novel insights for the advanced treatment of retinal tumors via an optimized HSV-TK/GCV system.

Materials and methods
=====================

### Plasmid constructs

To generate pLenO-GTP-HSV-TK, the HSV-TK oligonucleotides were synthesized according to GenBank (gene ID: 1487307), and then cloned to lentivirus vector pLenO-GTP via *EcoR*I and *BamH*I; mCherry-hLC3B-pcDNA3.1 was a gift from David Rubinsztein (Addgene plasmid cat. no. 40827) ([@b42-or-40-02-0682]), and this plasmid was transfected into 293 cells to observe the effect of HSV-TK/GCV system on autophagic flux. All plasmids were confirmed by sequencing (The Beijing Genomics Institute, Beijing, China).

### Lentiviral particles preparation

Transient production of the lentiviral vector particles was conducted in 293 cells by transfecting vector plasmid pLenO-GTP--HSV-TK, generation packaging plasmids and envelope glycoprotein pRsv-REV, pMDlg-pRRE and pMD2G. After 72 h, supernatants containing viral particles were harvested and centrifuged at 4,000 × g at 4°C for 10 min. The supernatant was filtered with a 0.45-µm membrane and then centrifuged at 25,000 × g at 4°C for 2 h. The lentiviral particles were suspended with ice-cold DMEM and stored at −80°C.

### Cell culture, transfection and drugs

Retinoblastoma cell lines HXO-RB44 and Y79 were cultured in RPMI-1640 Medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific, Inc.) with penicillin (100 U/ml) and streptomycin (100 g/ml). 293 and HeLa cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) with penicillin (100 U/ml) and streptomycin (100 g/ml). To obtain expressing HSV-TK HXO-RB44 cells, HXO-RB44 cells were transfected with HSV-TK (pLenO-GTP-HSV-TK). After 48 h post-transfection, the medium was replaced with RPMI-1640 containing penicillin (100 U/ml), streptomycin (100 g/ml) and puromycine (4 µg/ml). 293 and HeLa cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA); Y79 and HXO-RB44 retinoblastoma cell line were obtained from Shanghai Ninth People\'s Hospital (Shanghai, China). The HSV-TK positive cells were treated with GCV at 0, 10, 20 or 40 µg/ml. GCV was purchased from Sigma-Aldrich, ERK inhibitor U0126 was purchased from Selleck Chemicals (Houston, TX, USA), Bafilomycine A1 and Torin1 were purchased from Cell Signaling Technology, (Danvers, MA, USA). To investigate the effect of HSV-TK/GCV system on autophagic flux, HSV-TK positive HXO-RB44 cells were pretreated with Torin1 (250 nM) or Baf A1 (100 nM) for 12 h at room temperature, subsequently treated with GCV at 20 µg/ml for 48 h. To investigate effects of ERK inhibitor U0126 on HSV-TK/GCV system, HSV-TK positive HXO-RB44 cells were pretreated with U0126 (10 µM) for 4 h at room temperature and subsequently treated with GCV at 20 µg/ml for 48 h, and then the cell viability was measured by MTT and compare with the control group that no treatment with inhibitor.

### Immunoblot analysis

he cells were harvested after transfection 48 h, treated with GCV and were lysed in cell lysis buffer \[25 mM Tris-HCl (pH 7.6), 1% NP-40, 150 mM NaCl and 1% sodiumdeoxycholate\]; a protease inhibitor cocktail was also applied (Roche Diagnostics, Basel, Switzerland). The proteins were separated by SDS-PAGE and then transferred onto a polyvinylidene difluoride membrane (Millipore) for immunoblotting. Immunoblot analysis was performed with the following primary antibodies: monoclonal anti-p62 (1:500; cat. no. ab56416), polyclonal anti-LC3 (1:5,000; cat. no. ab51520) was purchased from Abcam (Cambridge, UK), monoclonal anti-GAPDH (1:20,000; cat. no. MAB374) was purchased from Millipore, polyclonal anti-phospho-p70S6K antibody (1:1,000; cat. no. 9234), anti-p70S6K (1:1,000; cat. no. 2708), anti-phospho-Erk1/2 (1:1,000; cat. no. 4370), anti-Erk1/2 (1:1,000; cat. no. 4695), anti-phospho-p38 (1:1,000; cat. no. 4511), anti-p38 (1:1,000; cat. no. 8690), anti-phospho-JNK1/2 (1:500; cat. no. 4668), anti-JNK1/2 (1:500; cat. no. 9252), anti-phospho-mTOR (1:300; cat. no. 5536), anti-mTOR (1:300; cat. no. 2983), anti-AMPK (1:1,000; cat. no. 5832), anti-phospho-AMPK (1:1,000; cat. no. 2535) antibody were purchased from Cell Signaling Technology, Inc.

### Cell imaging

293 cells were washed with pre-warmed PBS and then fixed with 4% paraformaldehyde in PBS at room temperature for 5 min, the cells were observed using fluorescence microscopy (Nikon). HeLa cells transfected with HSV-TK and treated with GCV were observed 24 or 48 h later using fluorescence microscopy (Nikon).

### Cell death and viability assay

HSV-TK-positive RB cells HXO-RB44 and Y79 were treated with GCV and analyzed with an MTT assay as follows: The cells were incubated with 0.5 mg/ml MTT \[3-([@b4-or-40-02-0682],[@b5-or-40-02-0682])-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide, purchased from (Sigma-Aldrich; Merck KGaA)\] at the concentration of 0.5 mg/ml in RPMI-1640 medium without phenol red for 3 h at room temperature. As HXO-RB44 and Y79 were in suspension, the cells were collected via centrifugation at 1,000 rpm for 5 min; the media was then discarded. The cells were dissolved in dimethyl sulfoxide and subsequently centrifuged at 12,000 rpm for 5 min. The optical density was measured with a photometer at 570 nm, and background at 630 nm was subtracted. The quantitative data were normalized to the control that HSV-TK-negative cells not treated with GCV and the ratios are presented as the mean ± standard error of the mean. All quantitative data were analyzed from three independent experiments.

### Small interfering RNA (siRNA) transfection

The siRNA specific for Beclin1 (CUAAGGAGCUGCCGUUAUAUU), ATG5 (GGAAUAUCCUGCAGAAGAAUU) or control siRNA were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China) ([@b43-or-40-02-0682]). Cells were transfected with siRNA using RNAiMAX (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Cells were then subjected to immunoblot analysis after incubated for 48 h.

### Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was extracted from cells using TRIzol reagent (Invitrogen) and reverse transcribed to complementary DNA according to the manufacturer\'s instructions (RR037; Takara). RT-PCR analysis was performed to identify whether HSV-TK was stably expressed in cells using a PCR detection system (Applied Biosystems). The cDNA was amplified by PCR as follows (50 µl) (R005Q; Takara): cDNA template 50 ng; Pyrobest™ DNA Polymerase 0.2 µl; dNTP mix (0.5 mM each); 10X Pyrobest Buffer II (Mg^2+^plus, 10 mM); primer (0.5 µM); denaturation temperature: 95°C, 30 sec; annealing temperature 56°C, 30 sec; extension reaction: 72°C, 40 sec; 35 cycles. The products were separated on a 1% agarose gel and stained with ethidium bromide. The following primers were used: 5′-ATGACAAGCGCCCAGATA-3′ and 5′-AGGGTAAATAACGTGTCC-3′ for a 512 bp target sequence.

### Statistical analysis

Statistical analyses were performed using a two-tailed Student\'s t-test for the comparison of two groups. The comparison of multiple groups were analyzed using one-way analysis of variance (ANOVA) or two-way ANOVA depending on comparison variables, followed by a Tukey\'s pot hoc analysis as indicated (GraphPad Prism 6; GraphPad Software, Inc., La Jolla, CA, USA). Data were expressed as the mean ± standard deviation. P\<0.05 was considered statistically significant.

Results
=======

### HSV-TK is stably expressed in retinal tumor cells and other cells

We synthesized HSV-TK sequence fragments and cloned them into lentiviral vector for transfection into cells. The target gene was successfully constructed and identified by RT-PCR, restriction endonuclease-mediated identification and PCR sequencing ([Fig. 1A and B](#f1-or-40-02-0682){ref-type="fig"}).

Subsequently, plasmids containing HSV-TK were transfected to HXO-RB44 cells, and the effect of transfection was observed by fluorescence after 48 h ([Fig. 1C](#f1-or-40-02-0682){ref-type="fig"}). Simultaneously, to identify stable expression in cells, total RNA was extracted from the transfected cells, which revealed that the HSV-TK sequence can be detected via RT-PCR ([Fig. 1D](#f1-or-40-02-0682){ref-type="fig"}). These findings show that HSV-TK can be stably expressed in HXO-RB44 cells. Similar results were observed in other cells such as Y79, HeLa and 293 which were transfected with HSV-TK (data not shown). These results suggest that the HSV-TK constructed in the present study can be stably expressed in retinal tumor cell Y79 and other cells, including HeLa and 293, which may be used in future investigations.

### HSV-TK/GCV can significantly induce retinal tumor cell death as well as other tumor cells

Many studies have reported that HSV-TK/GCV can induce the apoptosis of a variety of tumor cell types ([@b19-or-40-02-0682],[@b62-or-40-02-0682]). In this study, to investigate whether HSV-TK/GCV could also induce retinal tumor cell death, HSV-TK were transfected into the tumor cell line HXO-RB44, which was treated with GCV at 10, 20 or 40 µg/ml for 24 and 48 h respectively; cell viability was then detected with an MTT assay. The results demonstrated that after HSV-TK transfection, GCV treatment may significantly reduce cell viability and as time and GCV concentration increase ([Fig. 2A and B](#f2-or-40-02-0682){ref-type="fig"}). HSV-TK/GCV-inducing cell death was reported to be dependent on GCV concentration and time. However, the cell viability of the control group (without HSV-TK transfection) did not significantly decrease after GCV treatment ([Fig. 2A and B](#f2-or-40-02-0682){ref-type="fig"}). Similar results were also obtained in another retinal tumor cell line, Y79 ([Fig. 2E](#f2-or-40-02-0682){ref-type="fig"}). Additionally, HeLa cells transfected with HSV-TK and treated with GCV, exhibited significant induction of cell death ([Fig. 2C and D](#f2-or-40-02-0682){ref-type="fig"}). These results indicate that HSV-TK/GCV may significantly induce the apoptosis of retinal tumor cells and other types of tumor cells.

### HSV-TK/GCV can upregulate autophagy-associated proteins

Autophagy is important for maintaining cell growth and normal function ([@b30-or-40-02-0682]). When autophagy is abnormal, the autophagic abnormalities may lead to cell dysfunction, such as protein degradation disorders, cell growth block or cell cycle changes ([@b23-or-40-02-0682]--[@b25-or-40-02-0682]). Therefore, the present study aimed to investigate whether retinal tumor cell death induced by HSV-TK/GCV may be mediated by autophagy. HSV-TK-positive HXO-RB44 cells were treated with 0, 10, 20 or 40 µg/ml GCV for 24 or 48 h respectively, the level of LC3 type 2 (LC3II) was significantly upregulated ([Fig. 3A, C, D and F](#f3-or-40-02-0682){ref-type="fig"}). The adaptor protein p62/SQSTM1 is an autophagy substrate that is selectively degraded via autophagy and serves an important role in autophagy ([@b44-or-40-02-0682]--[@b47-or-40-02-0682]). The results show that p62 associated with autophagy also increased notably ([Fig. 3A, B, D and E](#f3-or-40-02-0682){ref-type="fig"}). The same results were observed in Y79 cells ([Fig. 3G](#f3-or-40-02-0682){ref-type="fig"}). To further explore the effects of HSV-TK/GCV on autophagy, the expression levels of LC3 type 2 were observed after ATG5 or Beclin1 knockdown in HXO-RB44 cells transfected with HSV-TK or non-transfected cells, and treated with or without GCV. Knockdown ATG5 in the HSV-TK positive HXO-RB44 cells, when the cytosolic LC3 type (LC3I) to autophagosomal membramne-LC3 (LC3II) prevented, the results showed that the cells treated with GCV resulted in a decrease in the expression levels of LC3II ([Fig. 3H](#f3-or-40-02-0682){ref-type="fig"}). In addition, the knockdown of Beclin1 in HXO-RB44 cells expressing HSV-TK revealed similar results. However, knockdown ATG5 or Beclin1 in HXO-RB44 cells which were HSV-TK negative did not affect LC3II expression levels regardless of whether GCV was administered or not ([Fig. 3H](#f3-or-40-02-0682){ref-type="fig"}). By manipulating autophagic flux, the present study reported that HSV-TK/GCV-induced cytotoxicity maybe mediated by inhibiting autophagy. To further observe HSV-TK/GCV-associated effects on autophagy, HSV-TK and mcherry-LC3 were co-transfected into 293 cells, which were then treated with GCV for 48 h at 10 µg/ml. It was observed that LC3 aggregation increased significantly ([Fig. 4A and B](#f4-or-40-02-0682){ref-type="fig"}), indicating that autophagy was affected. Torin1 activates autophagy via the inhibition of mTOR. While pretreated HSV-TK-positive HXO-RB44 cells with Torin1 (250 nM) for 12 h, and then removed Torin1, subsequently treated with GCV, the results suggested that Torin1 may partly attenuate the reduced cell viability induced by HSV-TK/GCV ([Fig. 4C](#f4-or-40-02-0682){ref-type="fig"}). These results suggest that HSV-TK/GCV-inducing retinal tumor cell death may be mediated by inhibition of autophagy.

### HSV-TK/GCV induces cell cytotoxicity by specifically activating MAPK/ERK to inhibit autophagy

To further explore the molecular mechanism of HSV-TK/GCV autophagy activation, autophagy-associated signaling pathways were investigated. mTOR serves a central role in the regulation of autophagy ([@b48-or-40-02-0682]). When HSV-TK-positive HXO-RB44 cells were treated with 20 µg/ml GCV for 48 h, the results indicated that compared with in nontransfected cells, GCV treatment or transfection with HSV-TK but without GCV treatment exhibited no significant changes in phospho-mTOR and P70S6K substrate levels, suggesting that HSV-TK/GCV may not affect autophagy through the mTOR signaling pathway ([Fig. 5A](#f5-or-40-02-0682){ref-type="fig"}).

MAPK plays an important role in maintaining cell functions, such as cell proliferation ([@b49-or-40-02-0682]), growth and differentiation ([@b50-or-40-02-0682],[@b51-or-40-02-0682]), and other functions ([@b52-or-40-02-0682]). Many studies have also reported that MAPK is closely related to autophagy ([@b41-or-40-02-0682],[@b53-or-40-02-0682],[@b54-or-40-02-0682]). The results of the present showed that the levels of phosphorylated ERK were significantly upregulated in HXO-RB44 cells transfected with HSV-TK and treated with GCV, compared with in the groups without transfection treated with GCV or with transfection but without GCV treatment. Other MAPK-associated signaling pathways, including p38 and JNK, did not significantly change ([Fig. 5B](#f5-or-40-02-0682){ref-type="fig"}). Similar results were observed in the Y79 cells (data not shown). To further verify the findings of the present study, the MAPK/ERK signaling pathway was inhibited with U0126, a specific MEK inhibitor; whether cell cytotoxicity could be attenuated was investigated. The present study demonstrated that U0126 may partly but not completely attenuate reductions in cell viability ([Fig. 5C](#f5-or-40-02-0682){ref-type="fig"}). These results indicate that HSV-TK/GCV may induce cell death by inhibiting autophagy via specific MAPK/ERK activation ([Fig. 5D](#f5-or-40-02-0682){ref-type="fig"}).

Discussion
==========

Numerous articles have previously reported that HSV-TK/GCV can significantly induce cell death in a variety of tumor cells; one of the underlying mechanisms for this cell death may induce apoptosis through inducing DNA damage ([@b18-or-40-02-0682],[@b21-or-40-02-0682],[@b37-or-40-02-0682]). However, the underlying molecular mechanisms have not been fully elucidated.

Autophagy is an important process within cells to maintain normal function. Cells can achieve energy reuse and self-renewal via the degradation of proteins and damaged organelles by autophagy ([@b22-or-40-02-0682],[@b23-or-40-02-0682],[@b25-or-40-02-0682],[@b30-or-40-02-0682]). Since the discovery of autophagy, researchers have found that its dysfunction is closely associated with numerous diseases, including cancer ([@b27-or-40-02-0682]--[@b29-or-40-02-0682],[@b38-or-40-02-0682]). The HSV-TK/GCV system may also induce retinal tumor cell death; the present study reported that HSV-TK/GCV can induce significant death of two retinal tumor cell lines, HXO-RB44 and Y79, but also may induce other cell death, such as HeLa. The present study proposed that cell death may be mediated by affecting autophagy, and that LC3II and P62 are key components of autophagy. Our results suggested that LC3II and P62 expression levels of HXO-RB44 and Y79 cells were upregulated after transfection with HSV-TK and GCV treatment in a time- and dose-dependent manner. Manipulation of autophagic flux by knockdown ATG5 or Beclin1 revealed that LC3II of HSV-TK-positive HXO-RB44 cells treated with GCV decreased compared with the transfected group without GCV treatment. However, knockdown ATG5 or Beclin1 in HSV-TK negative HXO-RB44 cells indicated that LC3-II expression levels did not change in the presence or absence of GCV treatment. These results suggest that this cell death may mediated by the inhibition of autophagy. mTOR that plays a central role in the regulation of autophagy may inhibit autophagy by the phosphorylation of ATG13 ([@b30-or-40-02-0682],[@b55-or-40-02-0682]). Simultaneously, AMPK can also activate autophagy ([@b56-or-40-02-0682]). Our results demonstrated that HSV-TK/GCV did not inhibit autophagy via the mTOR signaling pathway and did not affect AMPK activity ([Fig. 5A](#f5-or-40-02-0682){ref-type="fig"}).

MAPK is a mitogen-activated protein kinase, which can regulate cell growth and differentiation, as well as stress and inflammatory responses to the external environment, and other important cellular physiological/pathological processes ([@b28-or-40-02-0682],[@b50-or-40-02-0682]--[@b52-or-40-02-0682]). It has been reported that MAPK also regulates autophagy signaling pathways ([@b41-or-40-02-0682],[@b54-or-40-02-0682]). The findings of the present study show that HSV-TK-positive retinal tumor cells were treated with GCV exhibited unaffected mTOR activity; the levels of their downstream substrate P70S6K did not change significantly ([Fig. 5A](#f5-or-40-02-0682){ref-type="fig"}). These results suggest that the HSV-TK/GCV system may not affect autophagy via the classical mTOR signaling pathway. In addition, the present study investigated whether AMPK, MAPK and other signal pathways were affected. The results demonstrated that the activities of AMPK, MAPK/P38 and MAPK/JNK were not significantly affected; however, phospho-ERK1/2 expression levels were upregulated ([Fig. 5A and B](#f5-or-40-02-0682){ref-type="fig"}). These results indicated that HSV-TK/GCV may reduce MAPK/ERK activity to activate autophagy and induce cell cytotoxicity.

Numerous studies have reported that the HSV-TK1/GCV system may block DNA chain elongation, leading to cell death ([@b11-or-40-02-0682],[@b18-or-40-02-0682]), and that the toxicity induced by HSV-TK/GCV may occur via apoptosis ([@b57-or-40-02-0682],[@b58-or-40-02-0682]). In the present study, the molecular mechanism underlying cell cytotoxicity to increase MAPK/ERK activity for the inhibition of autophagy was revealed. Additionally, activate autophagy through Torin1, an inhibitor of mTOR may partially, but not completely rescue cell cytotoxicity; however, in response to treatment with autophagy inhibitor Bafilomycine A1 and mTOR inhibitor Torin1, cell viability was significantly reduced compared with Torin1 or Baf A1 treatment alone ([Fig. 4C](#f4-or-40-02-0682){ref-type="fig"}). In addition, the effects of MAPK/ERK inhibitor may partly rescue cell cytotoxicity induced by the HSV-TL/GCV system ([Fig. 5C](#f5-or-40-02-0682){ref-type="fig"}), and may provide further support of the aforementioned results.

Cell cytotoxicity cannot be rescued by activating autophagy via treatment with Torin1, because HSV-TK/GCV may maximally inhibit autophagy, and cannot be reversed by Torin1, which itself has a certain cytotoxicity. The second reason is that autophagy is but one of the several ways that HSV-TK/GCV can induce cell cytotoxicity; however, the extent of the effects of autophagy on apoptosis is unclear. There are many reports that autophagy is closely related to cell apoptosis, and they even may be induced by common upstream signals ([@b59-or-40-02-0682]). The inhibition of autophagy may induce cell apoptosis ([@b59-or-40-02-0682]). Therefore, future research may investigate the association between autophagy and apoptosis in cell death induced by HSV-TK/GCV. At present, HSV-TK/GCV has been studied in numerous animals and in clinic ([@b60-or-40-02-0682]--[@b62-or-40-02-0682]). The rAAV-HSV-TK system has demonstrated inhibition of tumor cell growth with strong antitumor efficacy in mice models, and may be considered as a potential strategy for the treatment of bladder carcinoma ([@b63-or-40-02-0682]). Similarly, as overserved in a mouse xenograft model of lung cancer, HSV-TK/GCV therapy may reduce tumor size ([@b64-or-40-02-0682]). At the same time, HSV-TK was also demonstrated to be a promising mode of therapy in combination with other treatments ([@b65-or-40-02-0682]). Few studies have reported that HSV-TK/GCV may induce retinal tumor cell toxicity; however, investigation has not been conducted within relevant animal models. The majority of the experiments in the present study were performed *in vitro*; further study is required to explore the molecular mechanism *in vivo* and clinical research of the association between HSV-TK/GCV for retinoblastoma may be conducted. In conclusion, the results suggested that further investigation into other mechanisms underlying HSV-TK/GCV-medicated cell cytotoxicity is required to develop treatments with increased therapeutic effectiveness. The findings of the present study regarding the effects of HSV-TK/GCV on autophagy may improve current understanding on its therapeutic mechanisms and contribute to research developments in clinical and non-clinical studies.
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![HSV-TK can be stably expressed in retinoblastoma cells and other cells in the present study. (A) The plasmid pLenO-GTP-HSV-TK was identified by PCR. (B) The plasmid pLenO-GTP-HSV-TK was identified by digested at *EcoR*I/*BamH*I. (C) HXO-RB44 cells were transfected with CON or HSV-TK. After 48 h post-transfection, the cells were observed. The positive cells colored green. (D) Total RNA was extracted from HXO-RB44 cells transfected CON (pLenO-GTP) or HSV-TK (pLenO-GTP-HSV-TK) after 48 h. The HSV-TK RNA expression levels were analyzed with PCR. The scale bars indicate 50 µm. HSV-TK, Herpes simplex virus type 1 thymidine kinase; PCR, polymerase chain reaction.](OR-40-02-0682-g00){#f1-or-40-02-0682}

![HSV-TK/GCV can significantly induce apoptosis of retinal tumor cells, as well as other tumor cells. (A) HSV-TK-positive (HSV-TK: pLenO-GTP-HSV-TK) or negative (CON: pLenO-GTP) HXO-RB44 cells were treated with GCV at 0, 10, 20 or 40 µg/ml respectively. After 24 h post-transfection, cell viability was measured by MTT assay. (B) HSV-TK-positive (HSV-TK: pLenO-GTP-HSV-TK) or negative (CON: pLenO-GTP) HXO-RB44 cells were treated with GCV at 0, 10, 20 or 40 µg/ml, respectively for 48 h. Cell viability was also measured by MTT assay. (C) Y79 cells transfected with CON or HSV-TK for 48 h; cells were then treated with GCV at 20 µg/m for 48 h. Cell viability were measured by MTT assay. (D and E) HeLa cells transfected CON (pLenO-GTP) or HSV-TK (pLenO-GTP-HSV-TK) for 48 h, then the cells were treated with GCV at 0, 10, 20 or 40 µg/ml respectively. Cell death was measured after 24 or 48 h. The positive cells were colored green. The quantitative data are indicated as the means ± SD. \*P\<0.05, \*\*P\<0.01. NS, no significance; GCV, ganciclovir; HSV-TK, Herpes simplex virus type 1 thymidine kinase.](OR-40-02-0682-g01){#f2-or-40-02-0682}

![HSV-TK/GCV can upregulate autophagy-associated proteins. (A) CON (pLenO-GTP) or HSV-TK (pLenO-GTP-HSV-TK) were transfected to HXO-RB44 cells. After 48 h later the cells were incubated with GCV at 0, 10, 20 or 40 µg/ml, respectively for 24 h. The cell lysates were then collected and subjected to immunoblotting. (B and C) p62 and LC3II expression levels in (A) were quantified. (D) HXO-RB44 cells transfected in the same manner as described in (A), and then treated with GCV at 0, 10, 20 or 40 µg/ml, respectively for 48 h. The cell lysates were then collected and subjected to immunoblotting. (E and F) p62 and LC3II expression levels in (D) were quantified. (G) CON or HSV-TK were transfected to Y79 cells. After 48 h later the cells were incubated with GCV at 20 µg/ml for 48 h. The cell lysates were then collected and subjected to immunoblotting. (H) The protein levels from three independent experiments were quantified. The quantitative data are indicated as the means ± SD. NS, no significance, \*P\<0.05, \*\*P\<0.01. GCV, ganciclovir; HSV-TK, Herpes simplex virus type 1 thymidine kinase.](OR-40-02-0682-g02){#f3-or-40-02-0682}

![(A) 293 cells co-transfected with mcherry-LC3 (the positive cells colored red) and CON or HSV-TK (the positive cells colored green) for 48 h and then incubated with GCV at 0 or 20 µg/ml respectively for 48 h. The scale bars indicate 20 µm. (B) Bar graph indicates that the average numbers ± SD of LC3 puncta per cell were quantified by analyzing 100 cells per sample. (C) Pretreated HSV-TK positive HXO-RB44 cells with Torin1 (250 nM) or Baf A1 (100 nM) for 12 h, and subsequently treated with GCV at 20 µg/ml for 48 h. Cell viability was measured by MTT assay. Three independent experiments were performed. \*P\<0.05, \*\*P\<0.01. GCV, ganciclovir; HSV-TK, Herpes simplex virus type 1 thymidine kinase; NS, no significance.](OR-40-02-0682-g03){#f4-or-40-02-0682}

![HSV-TK/GCV induced cell death possibly by specifically activating MAPK/ERK to inhibit autophagy. (A) HSV-TK-positive HXO-RB44 cells treated with GCV at 0 or 20 µg/ml for 48 h. The cell lysates were then collected and subjected to immunoblotting with antibodies against the indicated proteins. (B) HSV-TK-positive HXO-RB44 cells treated with GCV in the same manner as described in (A). The samples from the cell lysates were subjected to immunoblot analysis to investigate the MAPK signaling pathways. (C) HSV-TK-positive or HSV-TK-negative HXO-RB44 cells pretreated with or without U0126 (10 µM) for 4 and 48 h later, cell viability was measured by MTT assay. (D) The model of HSV-TK/GCV induced cell cytotoxicity by inhibiting autophagy. GCV, ganciclovir; HSV-TK, Herpes simplex virus type 1 thymidine kinase.](OR-40-02-0682-g04){#f5-or-40-02-0682}
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